The profiles of soluble fallout plutonium in two partially anoxic waters revealed minimum concentrations at the 02-H2S
Dissolved plutonium (Pu) has been measured in several marine, estuarine, and freshwaters, but there have been few studies of its distribution in anoxic systems (Sholkovitz et al. 1982; Sholkovitz 1983) . Since Pu can show various oxidation states whose relative importance is controlled by pH, pE, and the presence of complexing ligands (e.g. Rai and Serne 1977; Rai et al. 1980; Allard et al. 1980; Edgington 198 l) , its distribution within a changing redox front can be expected to vary. The information derived from Pu studies in oxic-anoxic regimes may therefore be important in understanding its geochemical interactions not only in the water column but also in sediments where conditions are commonly anoxic.
The question of Pu mobility has been a major concern particularly in relation to its disposal in the environment.
Certain geochemical conditions may cause Pu to be mobile. For example, Sholkovitz et al. (1982) concluded from data from previous lake studies that dissolved Pu concentrations are higher in anoxic than in the overlying oxic water. Simpson et al. (1980 Simpson et al. ( , 1982 and Anderson et al. (1982) found higher levels of soluble Pu in Mono Lake, California, than those reported for other natural waters and attributed this to carbonate complexing of Pu. Cleveland et al. (1983) confirmed in laboratory experiments that the large concentration of carbonate ions in Mono Lake does enhance Pu solubility and found a similar effect from fluoride ions. Sediment studies, on the other hand, have tended to provide conflicting evidence regarding Pu mobility. In some coastal areas, the total amount of Pu in the sediment column is equal to (or even exceeds) the amount expected from fallout, suggesting that the major fraction of Pu is bound to the sediments and not mobile (e.g. Carpenter and Beasley 198 1; Nelson and Lovett 198 1; Beasley et al. 1982; Koide and Goldberg 1982; Beasley and Jennings 1984) . However, Wong (1979, 1980) argued that release from the sediments accounts for the higher concentration of Pu in waters within Bikini and Enewetak atolls than in the surrounding Pacific Ocean surface waters. Livingston and Anderson ( 198 3) also suggested that remobilization of particulate Pu delivered to the deep ocean explains the change in the Pu : Cs ratios with depth in sediment trap samples. As pointed out by Sholkovitz (1983) , bulk sediment distributions do not provide conclusive evidence of the diagenetic mobility of Pu; this 1110 must come from water column and porewater studies.
We report here the distribution of fallout Pu in the water column of two partially anoxic environments:
Soap Lake in eastern Washington State, and Saanich Inlet in British Columbia, Canada. Our analyses show that soluble Pu dips to a minimum concentration at the region of the 02-H2S interface, a feature that has not been previously reported. We discuss the interactions that may be influencing the observed Pu distribution in these two locations.
We thank W. T. Edmondson and his staff for helping collect some of the Soap Lake samples and for the use of sampling equipment on and chemical data from Soap Lake; S. Ahmed and J. Broenkow (1969) , Emerson et al. (1979 Emerson et al. ( , 1982 , and Jacobs and Emerson (1982) . From late winter to early summer, the shallow sill isolates the deep water of the inlet, causing oxygen depletion and the buildup of hydrogen sulfide. This seasonal cycle and the flushing mechanisms are described by Richards (1965) and Anderson and Devol (1973) . The wealth of background chemical data on Saanich Inlet waters, particularly the processes occurring during periods of anoxic water formation, made it an ideal system for this study.
Soap Lake
Soap Lake (47"23'N, 119"3O'W) is a closed basin, meromictic lake in the lower Grand Coulee, eastern Washington State. It is the most saline of a series of lakes occupying an old bed of the Columbia River. The morphometric features of Soap Lake were summarized by Edmondson and Anderson (1965) . Our sampling station was at the region of its maximum depth (27 m).
Chemical data for the lake have been reported elsewhere (e.g. Anderson 195 8; Mantuani 1970; Friedman and Redfield 197 1; Walker 1974) . A distinct feature is the abrupt increase in the concentrations of major ions and other chemical species at around 2 1 m (the depth of the chemocline). A very dense, completely anoxic bottom water (the monimolimnion) extends from the chemocline to the deepest part of the basin; it covers about 17% of the lake's area and constitutes around 8% of the total volume (Edmondson and Anderson 1965) . The anoxic bottom water is a permanent feature of Soap Lake and contains perhaps the highest concentration of hydrogen sulfide reported for any natural water (Edmondson 1963) . The overlying surface water (the  mixolimnion) is considerably less dense than the monimolimnion.
Thermal stratification during summer occasionally inhibits complete mixing within the mixolimnion, resulting in oxygen depletion at depths above the chemocline.
Soap Lake has an annual primary productivity of about 400 g C m-2; this falls into the range for polluted waters (Walker 1975) and maintains a relatively high concentration of dissolved organic carbon (DOC), which could affect the soluble Pu distribution (Wahlgren and Orlandini 19 8 2; Nelson et al. 1985) .
Materials and methods
Sampling During the 198 1 cruise, the 02-H2S interface was at about 180 m. Two samples below this interface (at 195 m), and four samples above (from 160, 120, 70, and 10 m) were collected with a submersible pump system. All samples were filtered through 0.4-pm Nuclepore cartridge filters in line with the pump system, except for a second sample from 195 m. After acidification (pH 1) with concentrated HCl, the yield tracer 242Pu was added to each sample.
Two preliminary sampling trips to Soap Lake were made on 4 October and 21 November 198 1, to test the analytical procedure for Pu. The samples were either coprecipitated in the field or brought back to the laboratory for filtration through l-pm glass-fiber or 0.45-pm membrane filters before analysis. Samples from 5, 10, 15, and 22 m were taken by repeatedly lowering a 12-liter Van Dorn bottle until 48 liters of sample from each depth were collected.
A detailed sampling of the water column of Soap Lake was carried out on 24 June 1982. A pump system was used to collect 50-liter samples from 24 m, every 2 m above this up to 10 m, and one at 5 m. Duplicate samples for analysis were taken from 18 and 24 m. The samples were collected in large plastic barrels and were coprecipitated without prior filtration immediately after collection. Samples for dissolved 02, H2S, alkalinity, major ions (Na+, K+, Mg2+, Cl-, and S042-), dissolved organic carbon (DOC), and total Fe and Mn analyses were also collected at 5, 10, and every meter thereafter down to 24 m, with a 5-liter Niskin bottle lowered to each depth with a hand-operated winch. Dissolved 02, H2S, and total alkalinity were determined immediately after collection with routine techniques. The major cations and total Fe and Mn were analyzed by atomic absorption spectrometry and by calorimetry (Stookey 1970; Brewer a Dohrmann DC-80 total organic carbon analyzer system, Cl-by a digital chloridometer (Buchler model 4-2500), and S042-on a Dionex ion chromatograph.
Plutonium analysis -The radiochemical determination of Pu involved three steps: Preconcentration, purification, and electrodeposition for alpha spectrometry. Preconcentration by coprecipitation with iron hydroxides (Wong 197 1; Livingston et al. 1974) was carried out in the field for the June 1982 samples from Soap Lake and for some of the earlier samples collected for preliminary Pu measurements. The manganese oxide coprecipitation method (Wong et al. 1976; Schell et al. 1978) was used for the Preconcentration step for Saanich Inlet samples. The isotope 242Pu was added as the yield tracer for all samples.
In the purification step, Pu was separated from the carrier oxides by anion exchange on AG l-X2 resin (50-100 mesh, Bio-Rad) followed by solvent extraction with triisooctylamine, TIOA (details in Talvitie 197 1; Wong 197 1; Nevissi and Schell 1975) . The purified Pu was deposited electrolytically on stainless steel disks (Talvitie 1972) . The detection system used for alpha spectrometry consisted of Si surface barrier detectors in a vacuum system coupled to multichannel analyzers. The Pu yields based on 242Pu recovery ranged from 30 to 90%; most samples gave better than 60% recovery of the tracer. A check on our ability to measure fallout Pu in high ionic strength and highly alkaline samples was provided by a sample collected at Mono Lake, California (courtesy of S. Emerson and H. J. Simpson). We measured a concentration of 10.4 +: 1 .O fCi liter-l, which is within the range of 14 +4 fCi liter-l reported for similar samples by Simpson et al. (1980 Simpson et al. ( , 1982 and 11.1 by Anderson et al. (1982) .
Results
General chemistry of Saanich Inlet and Soap Lake-The dissolved oxygen profiles The total alkalinity in Saanich Inlet increased with depth during both the March 1980 and May 198 1 cruises (Fig. 1 c) . For Soap Lake, the total alkalinity is constant with 1% down to 17 m, increases slightly from 18 to 20 m, and increases dramatically across the chemocline ( Fig. 2b ; Table 1 ). The total alkalinity at 24 m is about an order of magnitude higher than for the surface samples. Using the total alkalinity and pH ( Fig. 2c ) data, we calculated HC03-and C032-concentrations for Soap Lake surface waters and the monimolimnion (Table 1) . (Corrections were made for the contribution of sulfide ions to the total alkalinity in the anoxic zone. Corrections for the contribution of other ions such as borate, phosphate, NH3, and H,SIO, to the total alkalinity were not made because the data were unavailable. The carbonate dissociation constants for seawater of Mehrbach et al. 1973 were used for the calculations.) The high pH of the Soap Lake samples (9.5-9.8) favors the predominance of carbonate over bicarbonThe salinity (total dissolved solids) and temperature profiles for Soap Lake are ate anions.
shown in Fig. 2d . The concentration ranges for the major cations (Na+, IS+, Mg2+, and Ca*+) and anions (Cl-, SOQ2-) are shown in Table 1 . The major ion concentrations did not vary with depth in the mixolimnion (5 20 m). Na+ is the major cation (0.22-0.23 M) accounting for >90% of the total cation content in the mixolimnion.
The other dominant cation is K+, but its concentration is much lower than that of Na+. The Mg2+ and Ca2+ concentrations were both in the range of 1 OW4 M. The anion content followed the trend C032-> Cl-> S042-> HC03-. Except for Mg2', the concentrations of all ions increase considerably at the chemoCline depth (21 m) and from there on continue to increase with depth. The Mg2+ concentration was low and practically constant even at the monimolimnion, with a slight increase in the deepest sample.
The dissolved organic carbon concentra- tion ranged from 26.5 to 49 ppm in the mixolimnion and increased significantly at the chemocline (Fig. 2e) . The highest DOC concentration at 24 m (236.8 ppm) is nearly an order of magnitude greater than that at 19 m (26.5 ppm).
The dissolved Mn and Fe and particulate Mn in Saanich Inlet during May 198 1 are shown in Fig. 3 . Dissolved Mn was detected up to 100 m, dissolved Fe at 160 m and below. The concentration of dissolved Fe (range: 0.002-0.41 pmol liter-l) was much lower than that of Mn (up to 12 pmol liter-'). Particulate Mn was detected from 40 m down to 170 m, with a peak around 120 m.
Soap Lake measurements are for total Fe and Mn only ( Table 1 ). The difficulty of sampling the Soap Lake water column with a single Niskin bottle lowered repeatedly with a hand-operated winch did not allow us to characterize the Fe and Mn profiles in as much detail as was done for Saanich Inlet. The concentrations of both were low in the mixolimnion and increased across the chemocline. Total Mn ranged from 0.011 to 0.041 hmol liter-' at the mixolimnion, except for a high value of 0.43 pmol liter-' at 13 m. The concentration of Fe was slightly higher than that of Mn, with values ranging from 0.10 to 0.45 pmol liter-' in the mixolimnion, except for two high values of 0.75 at 12 m and 0.74 at 15 m. At the monimolimnion, the concentrations of both increased, up to 4.5 I.cmol Mn liter-' and 6.6 pmol Fe liter-'. There is a reasonable agree- Fallout plutonium -The soluble 2391240Pu concentrations (Table 2 ) during the two cruises to Saanich Inlet are plotted in Fig.  4 . The concentrations for 238Pu in May 198 1 roughly parallel those for 239~240Pu, although the values are generally very low and close to the minimum detection limit (0.008 pCi per total sample) for this isotope. Both 239,240Pu profiles from the two cruises show minimum values at or near the 02-H2S interface.
The concentrations of 239~240Pu and 238Pu in the June 1982 and earlier samples from Soap Lake are presented in Table 3 Pu data for Saanich Inlet and Soap Lake which will be referred to are for the isotopes 239~240Pu. The concentrations of 238Pu at both locations were generally low and approached the minimum detection limit, except in the monimolimnion of Soap Lake. The 238Pu distribution appears to parallel that of 239~240Pu, so the trends observed for 23g1240Pu should also apply for 238Pu. The 238Pu : 2391240Pu ratios, however, range from 0.08 to 0.6 for these samples and do not reflect the ratio of 0.036 observed for fallout Pu in the northern hemisphere (Sholkovitz 1983 ). We do not have a convincing explanation for these anomalous ratios. The higher ratios would tend to suggest that 238Pu is more soluble than 23gy240Pu, but it is dif- ficult to envision how the processes affecting the distribution of these Pu isotopes could vary. Perhaps the main difficulty is measuring 238Pu at levels only slightly above our detection limits.
Some similarities can be noted between the Pu profiles for Saanich Inlet and Soap Lake. There is a fairly uniform concentration in the surface layer and a minimum concentration at or near the O,-H,S interface. The soluble Pu concentration in the surface waters of Saanich Inlet (upper 70 m of the water column) varied between 0.15 and 0.25 fCi 239,240Pu liter-l during the two sampling periods. The soluble concentrations in May 198 1 were slightly less than in March 1980, possibly indicating some removal of Pu by the spring phytoplankton population. A duplicate, unfiltered sample from 5 m in March 1980 did show about 30% more Pu than the filtered sample, suggesting that some Pu was associated with filterable particles (Fig. 4a) . The average surface concentration of 0.20 fCi liter-' in Saanich Inlet is similar to values reported for North Pacific surface waters (Noshkin and Wong 1979) .
In Soap Lake, the average 239,240Pu concentration of the upper 12 m was 0.33 fCi liter-l, slightly higher than the average surface concentration in Saanich Inlet. There were no significant differences in Pu concentration between samples that were unfiltered or filtered through 0.45pm Millipore or l-pm nominal pore-size glass-fiber filters (Table 3) . This indicates that a major fraction of Pu in an unfiltered Soap Lake sample is in the dissolved (co.45 pm) phase. This is also true in the deep ocean, where normally < 1% of Pu is retained by filtration (R. F. Anderson pers. comm.) . No differences in Pu concentration were noted for samples collected on different dates.
The minimum Pu concentration near the O,-H,S interface at both locations suggests that some removal of Pu is occurring in this zone. In Saanich Inlet, the samples were not spaced closely enough to indicate whether the minimum concentration is right at the O,-H,S interface, or above or below it. In March 1980, the minimum value of Pu at 130 m (0.10 fci liter-l) was about half the surface value. Dissolved O2 was 5 pmol liter-l at 135 m and undetected at 140 m, so the O,-H,S interface may have been between these depths. In May 198 1, the 02-H2S interface was at 180 m, and the lowest Pu concentration, which was 17% of the sur-face value, was at 160 m. It appears that a significant removal of Pu in both cases occurs at depths very close to the O,-H,S interface. In Soap Lake the Pu profile was more closely spaced, and the minimum concentration occurs right at the 02-H2S interface. The minimum value of 0.05 fCi 239,240Pu liter-l in these samples is 15% of the average surface concentration.
A possible mechanism for Pu removal is incorporation into particulate matter forming near the O,-H,S interface, either by adsorption or coprecipitation.
The region around the O,-H,S interface in Saanich Inlet is one of intense particulate Mn formation (Flourie 1972; Emerson et al. 1979 Emerson et al. , 1982 . A rapid oxidation of reduced Mn2+ diffusing across the interface, presumably catalyzed by bacteria, accounts for this particulate Mn formation (Emerson et al. 1982) . Our data for May 198 1 show the peak in particulate Mn concentration at 120 m (Fig.  3) . At this depth, a slight reduction in soluble Pu is observed (Fig. 4b) , but the Pu concentration decreases further to its minimum value at 160 m. If Pu incorporation into Mn particles were the controlling mechanism, we would expect the minimum Pu concentration at the depth where these particles are forming most rapidly. This implies that particulate Mn cannot account for all of the Pu removal observed near the 02-H2S interface. There appears to be some correlation between the Pu and the Fe profiles, although we have only a few measurements for Fe. A small amount of soluble Fe was detected between 160 and 180 m in May 198 1 (Fig. 3) . Usually, Fe2+ is not measurable above the 02-H2S interface because it is oxidized rapidly in this zone. The Fe particulate phase forming near the 02-H2S interface may account for the Pu removal and cause the observed minimum in Pu concentration at 160 m. We do not have a clear picture of Fe and Mn cycling in Soap Lake because our data are limited to measurements of total Fe and Mn. Within the mixolimnion (upper 20 m), relatively high values of total Mn (0.43 pmol liter-') at 13 m and total Fe (0.7 pmol liter-I) at 12 and 15 m do show up in the profiles, possibly indicating a correlation similar to that observed in Saanich Inlet. However, a more 'detailed study of the soluble and particulate Mn and Fe profiles is needed to substantiate this hypothesis.
An alternative explanation for Pu removal near the 02-H2S interface in Saanich Inlet may be its reductive incorporation onto particulate phases. If soluble Pu in Saanich Inlet surface waters were primarily in the V or VI oxidized states, as found by Nelson and Lovett (1978) for Pu in Irish Sea waters, a redox transformation to the particle-reactive Pu(II1 or IV) state might occur near the O,-H,S interface. Pu removal could then result from this reduction and subsequent adsorption of the reduced Pu species. This may explain why the minimum Pu concentration at 160 m in May 198 1 does not coincide with the particulate Mn peak at 120 m. It is possible that at 120 m Pu(V or VI) has not been reduced to the more readily adsorbable Pu(IV) species. To support this hypothesis, we need data on the oxidation states of Pu in Saanich Inlet and their relative distribution in the water column, as well as on the role of particulate Mn or Fe in removing these Pu species from solution. The extensive data of Wahlgren and Orlandini (1982) for several North American lakes do suggest that oxidized Pu(V + VI) species dominate where DOC concentrations are < 5 ppm. The DOC concentration in Saanich Inlet is below this value (Richards and Devol 1973) .
Although the oxidation state of Pu in Soap Lake was not determined, a laboratory experiment (Sanchez 1983) suggested that the likely oxidation state is IV. A Pu(V) spike added to a filtered surface water sample from Soap Lake was reduced significantly to the TTA-extractable Pu(IV) state after 20 h. The high DOC content of Soap Lake water supports the occurrence of Pu(IV), as has been observed for eutrophic lake waters (Wahlgren and Orlandini 198 2) . This indicates that the removal of Pu at the O,-H,S interface in Soap Lake is related to an increase in the concentration of adsorptive surfaces rather than to a reduction-adsorption mechanism as was hypothesized for Saanich Inlet.
It is interesting to compare the distribution of Pu in the anoxic zones of both waters. In Saanich Inlet, Pu levels increased slightly from the minimum values near the O,-H,S interface (Fig. 4a, b) . This provides further evidence that Pu is scavenged at the interface by particulate Fe and Mn. As these oxides dissolve under anoxic conditions, the incorporated Pu is remobilized to the water. It is somewhat surprising, however, that Pu levels in the anoxic zone do not quite reach those above the interface, suggesting that Pu may also be removed in the anoxic zone. The total Pu concentration at 195 m did contain -70% more Pu than the filtered sample (Fig. 4b) . Thus, Pu adsorption onto particles resistant to dissolution under anoxic conditions must be occurring. This is reasonable to expect, considering that below the interface, Pu is likely to be in the particle-reactive Pu(II1 or IV) state. A fraction of the Pu released from Fe and Mn dissolution may then adsorb onto lithogenous materials from Fraser River discharge, which constitute -75% of the total solids accumulating in the central Saanich basin (Gucluer and Gross 1964) , and be deposited to the sediments.
In Soap Lake, the Pu concentrations in all anoxic samples are greater than the surface concentration (Fig. 5) . At 18 and 20 m, the Pu levels are two to three times the average surface concentration. Farther down into the monimolimnion the concentrations of 5 fCi liter-l at 22 m and 14 fCi liter-1 at 24 m are about 15 and 50 times the average surface value. The increased Pu concentrations at 18 and 20 m do not appear to correlate with any other chemical species except sulfide, while the marked increase at 22 and 24 m correlates with the significant increase in major ion concentrations, total alkalinity, total Fe and Mn, dissolved organic carbon, and sulfide across the chemocline.
The increase in Pu and sulfide concentrations at 18 and 20 m in Soap Lake is a transient feature related to the development of summer anoxia. We cannot expect Pu and HS-to diffuse upward across the chemocline from the permanently anoxic bottom water to cause the observed increases in both species or we would see increased concentrations of all other chemical species at these same depths. A more plausible mechanism is the depletion of 02, with a subsequent buildup of HS-, caused by the summer thermocline. During our sampling period, the thermocline was at 6-l 6 m, and the maximum depth of 0, penetration was near 16 m. The decomposition of organic matter raining down from the surface may explain the gradual buildup of HS-above the chemocline, especially since Soap Lake is highly productive (Walker 1975) . The increased sulfide concentration causes a reductive dissolution of Fe or Mn oxide phases which scavenge Pu at the oxic-anoxic interface. In addition, Pu may be released from Fe and Mn oxides deposited in sediments at these depths during winter mixing.
In the permanently anoxic zone of Soap Lake (>20-m depth), the marked increase in Pu concentration correlated with significant increases in ionic strength and the concentrations of carbonate ligands, dissolved organic carbon (DOC), and sulfide. The ionic strength increases tenfold from about 0.3 M at the surface to 3 M at 24 m. The total alkalinity increased by more than an order of magnitude, from 144 meq liter-' in the mixolimnion to 1,5 10 at 24 m. A five-to tenfold increase in DOC was also noted between the surface and 24 m. Hydrogen sulfide increased from zero at the 02-H2S interface up to 128 mM at 24 m. The correlation between the enhanced Pu concentration in the monimolimnion and the increased concentration of these chemical species suggested controlling mechanisms which we tested in the laboratory (Sanchez 1983; Sanchez et al. 1985) . Briefly, both increasing alkalinity and DOC concentration reduced Pu adsorption on goethite, although no effect of ionic strength (whether from NaCl, NaNO,, or Na,SO,) was observed. A total alkalinity of 1,000 meq liter-I, comparable to values in the Soap Lake monimolimnion, completely inhibited Pu(IV) and Pu(V) adsorption on goethite. At 237 ppm DOC (the highest concentration measured in Soap Lake), Pu(IV) adsorption was reduced by about 30%. These results suggest that carbonate anions and DOC both enhance Pu mobility in Soap Lake anoxic waters by inhibiting its adsorption on particulate matter. In Soap Lake, the carbonate system seems to play the major role.
These observations on the Pu distribution at and below the 02-H2S interface in both Soap Lake and Saanich Inlet can now be summarized. We have seen an intensified removal of Pu at the region of the interface due to its interaction with Fe and Mn oxides. The dissolution of these oxides below the interface releases the adsorbed Pu. In Saanich Inlet, the chemical condition in the anoxic zone is not sufficient to prevent the released Pu from adsorbing onto other solids, thus our observation that total Pu in this depth zone is greater than the dissolved (co.45 pm) concentration.
In Soap Lake, on the other hand, relatively high concentrations of carbonate ions and DOC both inhibit Pu from adsorbing, causing its concentration to increase significantly in the anoxic zone, particularly in the monimolimnion.
Comparison with other environments-It is of interest to compare the Pu distribution in Saanich Inlet and Soap Lake with that of other environments. Surface concentrations in Saanich Inlet are similar to measurements reported for North Pacific surface waters (Bowen et al. 1980; Nelson et al. 1984) . Soluble Pu profiles in the open waters of the Pacific, however, show a subsurface maximum (around 450-500 m) that may be related to the horizontal movement of water masses that have contacted sediments containing close-in fallout from nuclear tests conducted in the Pacific (Bowen et al. 1980) . In a coastal environment like Saanich Inlet, the role of particles that can scavenge Pu from the water seems to be important. We do not expect to find a Pu profile here similar to that of the open ocean because interaction of Pu with the high particulate loading serves to remove a major fraction of the Pu to the sediments. Interestingly, we did not observe a total stripping of Pu from the water column despite the high particle concentration in Saanich Inlet. A possible explanation for this is that a fraction of the soluble Pu in the inlet is not particle-reactive, possibly as the oxidized Pu(V) or Pu(V1) species.
A seasonally anoxic environment that has been studied in some detail is Gull Pond, Massachusetts. Sholkovitz et al. (1982) reported a fivefold increase in Pu concentration in the bottom water over its surface concentration during the summer period of anoxia. This increase was found to correlate with large increases of soluble Fe and Mn in the anoxic water. Two mechanisms were postulated to account for these observations: Pu adsorbed onto oxides of Fe and Mn is released to the anoxic water when these oxides dissolve under reducing conditions, or Pu complexing by organic ligands or by carbonate ions becomes important following possible redox transformations. Our Soap Lake data appear to support both mechanisms. In the monimolimnion, the enhanced Pu concentration coincides with significant increases in DOC concentration and total alkalinity. Because the alkalinity effect does not become important until very high values, the DOC effect is probably more important in locations like Gull Pond. ELA 24 1, a meromictic lake in Ontario, Canada, showed a Pu distribution similar to Soap Lake, although only two samples from above and below the chemocline were analyzed: the 23g,240Pu concentration of 45 fCi liter-' at the bottom was about nine times that above the chemocline (Wahlgren and Orlandini 1982) . Wahlgren and Orlandini suggested that the strongly reducing condition and possible Pu complexing by DOC explain the high concentration of Pu below the chemocline.
It is also of interest to compare the Pu distributions in Soap Lake and Mono Lake, another alkaline, saline environment. Simpson et al. (1980 Simpson et al. ( , 1982 reported an average concentration of 14&4 fCi 239~240Pu liter-' throughout the water column of Mono Lake. Anderson et al. (1982) reported a concentration of 1 1 . 1 _+ 1.1 fCi liter-1 (or 24.8 f 2.4 dpm per 1 O3 liter) for one surface sample from Mono Lake, later shown to be low due to dilution by local springs. Simpson and coworkers did not find any differences between Pu concentrations in the oxygenated surface waters and the sulfide-rich bottom half of the lake (02-H2S interface at -13 m; S. Emerson unpubl. data). This is different from our Soap Lake results and those reported for other anoxic lakes (Sholkovitz et al. 1982) . The oxic and anoxic zones of Soap Lake and Mono Lake differ in that a significant increase in the total al-kalinity of Soap Lake water is observed at the permanently anoxic zone; Mono Lake is only seasonally anoxic. In Mono Lake, the total alkalinity was fairly uniform at 7 1 O-730 meq liter-1 throughout the 30-m water column because of winter mixing (S. Emerson unpubl. data), so that any effect of this high alkalinity on the Pu distribution in Mono Lake would be similar throughout the water. Simpson et al. (1980 Simpson et al. ( , 1982 and Anderson et al. (1982) suggested that Pu complexation by carbonate ligands accounts for the high concentration of dissolved Pu in the lake compared to other natural systems. The DOC concentration in Mono Lake is about 70 mg liter-' (H. J. Simpson unpubl. data).
Conclusions
It is evident from these field observations that an understanding of Pu interactions in natural waters may be obtained by a detailed study of the distribution of soluble Pu as it is influenced by the geochemical conditions of particular systems. Measurements of Pu should be accompanied by detailed investigations of factors such as Fe, Mn, 02, H2S, alkalinity, and dissolved organic carbon to better understand the geochemical cycling of this element under oxic and anoxic conditions. The data from both Saanich Inlet and Soap Lake indicate that enhanced removal of Pu occurs at the 02-H,S interface as a result of its interaction with Fe and Mn oxides forming in this region. There appears to be a stronger correlation between Pu and Fe cycling than between Pu and Mn. That such an interaction with these redox-sensitive particulate species takes place implies that Pu remobilization must also occur when these solids dissolve under anoxic conditions. Interaction of Pu with particles other than Fe and Mn oxides also occurs throughout the water column. This process evidently becomes important in the anoxic zone when the scavenging Fe and Mn oxides dissolve, as shown in Saanich Inlet. The Soap Lake data also show that adsorption is influenced by the Pu speciation. When Pu complexation by carbonate ions and DOC becomes important, Pu removal by adsorption is decreased or inhibited, thus enhancing Pu mobility.
